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Abstract. CEP-stable 4 fs near-IR pulses with 3 mJ energy were generated by spectral broadening of circularly 
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characterized using both SHG-FROG and SHG d-scan methods.  
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1. Introduction 
Few-cycle light pulses have become the most important tools in contemporary ultrafast sciences. Sub-2-
cycle carrier-envelope phase (CEP) stabilized pulses are particularly attractive because they provide high 
temporal resolution in time-resolved experiments and also facilitate the generation of isolated attosecond 
XUV pulses in a simple way. It is well known that the generated photon number in the XUV spectral 
range scales with the energy of the driver pulse [1]. Therefore, increasing the driver pulse energy can pave 
the way for attosecond pump – attosecond probe experiments requiring high XUV yields. 
The generation of high-energy sub-2-cycle pulses is a complicated task. Gain narrowing in optically 
pumped laser media limits the minimal duration of mJ level pulses to ~20 fs. There are two ways to 
overcome this problem: spectral broadening of the amplified pulses by nonlinear effects or direct 
amplification of the low-energy pulses by parametric processes. Multi-color pumping of parametric 
processes allows the amplification of sub-5 fs pulses up to 100 mJ energies as demonstrated in [2]. 
However, the immense technical challenges connected with this technology currently limit the operation 
to 10 Hz, which is inconvenient for many applications. 
The most commonly used method for spectral broadening of amplified pulses relies on self-phase 
modulation (SPM) in noble gas-filled hollow-core fibers [3]. In this way, more than octave-spanning 
spectra at mJ energy level can be obtained allowing pulse compression to sub-5 fs duration [4–10]. In 
these studies either the output energy did not significantly exceed 1 mJ or no CEP stabilization was 
achieved [6], which currently limits applications in attosecond science. Very recently, a study has been 
published concerning the influence of hollow fibers on CEP stability [11], where pulse energies of up to 
2.1 mJ at 3.9 fs transform limit were reported at the output of a differentially pumped 1 m long capillary 
of 320 µm ID. However, neither the output spectrum, nor the achieved energy and duration of the 
compressed pulses were specified in this study. 
In this paper we overview the physical mechanisms relevant for up-scaling the peak power in hollow 
fiber pulse compressors. By a simple analysis, we show that the effective length as well as the cross-
section of the waveguide has to be increased proportionally to the peak power of the input pulse. This 
requires long capillaries, which are available thanks to an innovative design [12]. For the first time, using 
a combination of circularly polarized light in a long hollow fiber with a pressure gradient, we demonstrate 
the generation of 4 fs CEP stabilized pulses with 3 mJ energy. This is the highest pulse energy achieved to 
date for CEP stabilized sub-5 fs pulses at kHz repetition rate. 
2. Power scaling of hollow fiber compressors 
In order to achieve controlled spectral broadening in the hollow waveguide with minimal losses, two 
criteria have to be fulfilled [13]: (i) to avoid self-focusing, the peak power (P) of the pulse should not 
exceed the critical power Pcr = 2/(2n2), and (ii) the peak intensity (I ) of the pulse should be below the 
threshold intensity for photo-ionization (Ith). In the above expression,  denotes the central wavelength and 
n2 the nonlinear refractive index of the medium. Under these conditions in an ideal waveguide, single-
mode operation will be obtained without energy flow between the eigenmodes. The transmission of the 
setup will be solely determined by the in-coupling efficiency and by the linear propagation losses of the 
waveguide while the spectral broadening will be exclusively induced by the Kerr-effect, i.e. SPM and self-
steepening.  
It was shown in [14] that the extent of spectral broadening is almost linearly proportional to the 
accumulated nonlinear phase, the so called B-integral: 
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Here we introduce the effective interaction length Leff, which comprises eventual variations in nonlinear 
refractive index and intensity along the propagation. 
In order to fulfill (i), the peak power limitation sets an upper limit for the intensity of the eigenmode: 
I ≤ Pcr /Aeff , where Aeff is the effective mode area of the waveguide. This leads to an upper limit for the B-
integral, which depends only on the waveguide geometry: 
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Furthermore, in order to fulfill (ii), the intensity is limited according to P ≤ Ith ·Aeff , therefore the 
effective mode area and also the inner diameter (ID) of the capillary Aeff ~ ID2 have to be increased 
accordingly. In order to scale up the peak power of the pulses while keeping the spectral broadening at the 
same level, both the inner diameter and the effective length of the waveguide have to be scaled up in the 
following way: 
 effeff LIDAP ~~~
2  (3) 
This scaling law can also be understood in the following way: by increasing the peak power, in order to 
fulfill (i) the critical power has to be raised accordingly, which results in the decrease of n2. Due to (ii), the 
peak intensity has to be kept constant at the ionization threshold. The corresponding deficit in the 
integrand of (1) must therefore be compensated by increasing the integration interval, namely the fiber 
length. 
As discussed above, spectral broadening of pulses at high peak power requires nonlinear media having 
low nonlinearity together with high ionization threshold. Therefore the most suitable media are helium and 
neon. Furthermore, in every material the n2 is smaller and the ionization threshold is higher for circularly 
polarized light than for linear polarized light of the same intensity. Therefore, using circularly polarized 
light further suppresses the nonlinearities when using high energy pulses [5,15]. It was also shown [5,16] 
that fluctuations in spectral broadening are significantly reduced by using circularly polarized light.  
The scaling law (3) is a result of a rather conservative approach supporting ideal conditions for spectral 
broadening in hollow fibers, but at multi-mJ energy levels, it becomes hard to fulfill. In real experiments, 
because of the lack of long capillaries or simply because of limited laboratory space, both conditions are 
usually overdriven resulting in a sensitive trade-off between overall transmission, beam/pulse quality and 
overall length. Applying a pressure gradient along the hollow fiber [17] is a powerful technique for 
preventing self-focusing and filamentation in front of the fiber and maintaining optimal beam coupling 
into the waveguide. In this case excessive nonlinear interaction takes place only at the end of the 
waveguide, where it can no longer induce excessive losses [18]. However, the method has a significant 
drawback: it reduces the effective interaction length by 33%. Therefore, regarding the scaling rule of (3) 
and the reduction in length of the pressure gradient scheme it is inevitable to use large-aperture and 
especially long hollow fibers for spectral broadening of high-energy pulses.  
3. Experiments 
In our experiments, 8 mJ 23 fs pulses of a Ti:sapphire high-contrast double-CPA system [19,20] running 
at 1 kHz were spectrally broadened in long hollow waveguides. The initial linear laser polarization was 
converted to circular by a /4-waveplate and coupled into the waveguide by telescopic focusing as shown 
in Fig. 1. The focus position was actively stabilized by a feedback loop to an RMS uncertainty of ~20 µm. 
After collimating the output of the fiber by a silver mirror, the polarization was converted back to linear 
using a broadband /4-waveplate (Femtolasers GmbH) and the resulting pulses compressed using by a 
chirped mirror compressor. 
 
Fig. 1 Experimental arrangement. 
The waveguide assembly consists of a few-cm-long solid fused silica taper and a coaxially adjusted 
stretched flexible hollow fiber of several meters length. The taper filters out the pedestal of the focal 
distribution, thereby preventing damage at the entrance of the hollow fiber itself. This construction 
combines the high damage threshold of conventional rigid fibers with the free length scalability and 
inherent support of the pressure gradient operation of stretched flexible capillaries.  
Two different waveguide geometries were considered in the experiments: a 3 meter long fiber with 
536 µm ID and a 2 meter long one with 450 µm ID, both having a theoretical transmission of 94% at 
790 nm. The distance between the 0.5 mm thick AR-coated fused silica window and the fiber entrance 
was 97 cm and 136 cm for the longer and smaller fibers, respectively, limited by the available laboratory 
space of 5.5 m. The respective transmissions of the evacuated waveguides (see Fig. 2) show a significant 
dependence on the input chirp. 
 
Fig. 2 Transmission of the evacuated fibers as a function of the input chirp. 
For large input chirps, the transmission in both cases was as high as 72%, limited by the spatial quality 
of the input beam. However, near optimal compression, the transmission drops in both cases: it is dramatic 
in case of the larger fiber and tolerable for the smaller one. This result strongly suggests that the intensity 
in the entrance window and in air causes significant nonlinear phase distortions. In case of the smaller 
fiber, the beam size on the window was ~1.65 times larger than for the bigger fiber corresponding to ~2.7 
times lower intensity. The estimated B-integrals were thus ~0.37 and ~1 for the smaller and larger 
waveguides, respectively. It shows how much care has to be taken (especially with large-diameter fibers) 
when choosing the position of the entrance window. 
Spectral broadening of compressed 23 fs pulses (0 fs2) was carried out in the 2-m-long 450 µm hollow 
fiber. Neither neon nor static gas pressure could be used with this fiber without a substantial drop in 
transmission. Experiments were carried out with both linear and circular polarizations. The use of circular 
polarization increased the transmission by ~20% at similar spectral broadening. Furthermore, the RMS 
spectral fluctuations were also reduced from 7.8% (linear) to 4.7% (circular polarization) as measured for 
100 consecutive shots with an integration time of 10 ms. When the waveguide was filled with 1.8 bar 
helium in pressure gradient mode, regular over-octave-spanning spectra could be achieved (see Fig. 3) 
with output pulse energies of 3.4 mJ and a circularly symmetric beam profile.  
 
Fig. 3 Output spectrum. 
The spectral bandwidth supports a transform-limited pulse duration of 2.6 fs, corresponding to the 
duration of a single optical cycle at the central wavelength of 742 nm. 
During the experiments the CEP drift was measured with a home-made f-to-2f interferometer 
integrating 4 consecutive pulses. The CEP was stabilized at an RMS error level of 250 mrad before and 
360 mrad after the hollow fiber, as shown in Fig. 4.  
 
Fig. 4 CEP stability at the output of the fiber. 
The CEP noise before the hollow fiber originates from the complex architecture of the employed laser 
system (double-CPA including a nonlinear temporal filter). Then, the slight deterioration of the CEP 
stability in the hollow fiber is attributed to the non-zero level of photo-ionization inside the fiber [21] and 
to fluctuations induced by the finite pointing stability of the laser at the fiber entrance (20 µm RMS).  
The pulses were compressed using a set of 12 double-angle chirped mirrors (Ultrafast Innovations) 
introducing a total of -500 fs2 and a fused silica wedge pair for fine adjustment. 
The compressed pulses of 3 mJ energy were first characterized using a home-made single-shot SHG 
FROG device incorporating a 5 µm thick BBO crystal [22]. The measurement displayed in Fig. 5 yields a 
pulse duration of 4.27 fs.  
 
Fig. 5 SHG FROG measurement. Measured (a) and retrieved (b) traces with the retrieved temporal (c) and spectral 
shapes (d) are shown. The dashed lines represent the phases, the red one depicts the measured spectrum. 
The retrieval was carried out on a grid size of 512 resulting in a FROG error of 0.23%. The retrieved 
spectrum matches well to the experimental one measured directly in the input aperture of the FROG 
device but it is considerably narrower than the spectrum at the output of the fiber (Fig. 3). The reason is 
that the single-shot FROG requires a flat top beam profile, therefore only a small portion of the Gaussian-
like beam with nearly constant energy distribution was used for the FROG measurement. On the other 
hand, at the end of the hollow fiber, all spectral components emerge from the same fiber mode with 
different divergence. The beam profile therefore becomes spectrally inhomogeneous: the blue part of the 
spectrum will be more concentrated in the core while the red components are distributed over a larger 
mode area. This effect can clearly be seen on the spatially resolved spectra in [23]. Therefore, sampling a 
small portion of the beam profile leads to the spectral clipping seen in Fig. 5. 
In order to characterize the pulses more accurately, the full beam needs to be focused into the nonlinear 
medium of the measurement device. The experimental simplicity of the d-scan method [24] combined 
with its performance in sub-two-cycle pulse measurement [25,26] makes it most suited to this 
requirement. The setup was similar to the one in [25] albeit with a 5 µm thick BBO crystal [26]. 
Compression optimization and dispersion scanning was achieved with fused silica wedges. Fig. 6 shows 
the measured (calibrated) and retrieved d-scan traces. The d-scan retrieval algorithm was run five times 
with slightly different initial conditions. The shortest pulse duration was 3.9 ± 0.1 fs FWHM obtained for 
the reference glass insertion (denoted as zero in the plots).  
 
Fig. 6 SHG d-scan measurement. Measured (a) and retrieved (b) traces with the retrieved temporal (c) and 
spectral shapes (d) are shown. In (c) and (d) dashed lines represent the phase, dotted ones their RMS 
deviations. 
4. Conclusion 
In conclusion, we showed that increasing the peak power in hollow fiber compressors inevitably requires 
longer waveguides with larger inner diameters. It is the first demonstration that the stretched flexible 
hollow fiber technology, offering free length scalability, is applied to the compression of multi-mJ pulses 
at multi-W average power. By using a 2-meter long 450 µm diameter composite hollow fiber in pressure 
gradient mode combined with circularly polarized input pulses for the first time, CEP-stable 4 fs pulses 
corresponding to 1.6 optical cycles were generated with 3 mJ energy resulting in a peak power of 0.7 TW. 
The transform limited pulse duration of the generated spectrum is 2.6 fs, corresponding to a single optical 
cycle. This bears the potential for achieving even shorter pulses by further optimizing the dispersion 
management. The present results represent an energy boost of a factor ~1.9 for CEP stabilized pulses 
compressed down to sub-5 fs duration at 1 kHz repetition rate and of ~2.5 for 4 fs duration compared to 
former achievements. Even higher energies are expected by mitigating nonlinearities at the fiber input and 
by using longer stretched flexible fibers with larger diameters. Furthermore, these pulses feature high 
temporal contrast thanks to the double-CPA architecture of the seed laser [19] and thus provide an ideal 
tool for relativistic optics on solid targets [27]. 
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Figure captions 
 
Fig. 1 Experimental arrangement. 
 
Fig. 2 Transmission of the evacuated fibers as a function of the input chirp. 
 
Fig. 3 Output spectrum. 
 
Fig. 4 CEP stability at the output of the fiber. 
 
Fig. 5 SHG FROG measurement. Measured (a) and retrieved (b) traces with the retrieved temporal (c) and 
spectral shapes (d) are shown. The dashed lines represent the phases, the red one depicts the measured 
spectrum. 
 
Fig. 6 SHG d-scan measurement. Measured (a) and retrieved (b) traces with the retrieved temporal (c) and 
spectral shapes (d) are shown. In (c) and (d) dashed lines represent the phase, dotted ones their RMS 
deviations. 
